In a study involving mice treated for 30 days with ceftriaxone or doxycycline, persistent 6 infection was documented by detection of low levels of spirochetal DNA in tissues for up 7 to 9 months and by feeding ticks upon the mice and then testing the ticks for spirochetes 8 (xenodiagnosis). Infection could be detected by xenodiagnosis for up to 3 months after 9 antibiotic treatment. Efforts to transmit infection to naïve mice from the infected ticks 10 that fed upon antibiotic treated mice were not successful. Examination of the spirochetal 11 DNA within positive ticks suggested that the spirochetes had possibly lost genes or 12 plasmids that were crucial for infectivity. It was suggested that persisting spirochetes 13 were attenuated and non-infectious (9). In another study using short-term ceftriaxone-or 14 ampicillin-treatment in mice, spirochetal DNA could be detected in joint, but not other 15 tissues, at 4 weeks after antibiotic treatment, but viable spirochetes could not be cultured 16 in liquid nitrogen, pulverized, and homogenized. Quantitative data were expressed as 1 DNA copies/mg tissue or DNA copies/tick. 2 3 Serology. Antibody titers against B. burgdorferi were assayed by enzyme linked 4 immunosorbent assay (ELISA), as described (15). Ninety-six well microtiter plates 5 (Nunc ImmunoMax Maxi-Sorp, Wiesbaden, Germany) were coated with 1 µg/ml B. 6 burgdorferi cN40 lysate in carbonate buffer (pH 9.6) and incubated overnight at 4 o C. 7
Coated plates were washed with PBS-Tween 20, blocked for 1 hr with 1% bovine serum 8 albumin, and then duplicate serial three-fold dilutions of sera (starting at 1:100) were 9 added to each well. Plates were again incubated overnight, washed, and then incubated 10 for 2 hr with alkaline phosphatase-conjugated rat anti-mouse immunoglobulin (heavy and 11 light chain) diluted 1:5,000. One mg/ml alkaline phosphatase substrate (Sigma, St. 12 Louis, MO) was then added to each well for color development. Optical density was 13 measured at a test wavelength of 405 nm with an ELISA reader (Molecular Devices 14 Corporation, Sunnyvale, CA). Each assay included positive and negative controls. Cut-15 off points for each dilution were established by testing absorbance of normal mouse sera, 16 determining means, and adding 3 standard deviations above the means. 17 18 Histology and Immunohistochemistry. Formalin-fixed rear legs, which were 19 demineralized in acid, and hearts were paraffin embedded and sectioned at 5 microns. 20
Sections for histology were stained with hematoxylin and eosin. Legs were examined 21 microscopically for evidence of arthritis and synovitis involving the knee and tibiotarsal 22 joints, characterized by infiltration of neutrophils, synovial proliferation, and exudation 23
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of fibrin into joint or tendon sheath lumina, as well as neutrophil and macrophage 1 infiltration of tissues at the base of the heart (carditis), as described in C3H and C3H-scid 2 mice (1) (4) (5) (8). Sections for immunohistochemical labeling of B. burgdorferi were 3 processed using rabbit immune serum diluted 1:1,000, and biotinylated goat anti-rabbit 4 immunoglobulin G (Vector Laboratories, Burlingame, CA) as described (7). Sections 5 were randomly numbered and blindly examined without knowledge of treatment. 6 7 Statistical analysis. Statistical comparisons between treatment groups and time points 8 were performed, using Student's t test or Chi square analysis. Multiple comparison 9
analyses were performed with one-way analysis of variance (ANOVA), followed by a 10 least-difference post hoc test (StatView, PowerPC version, SAS Institute Inc., Cary, NC). 11
Calculated P values lower than 0.05 were considered significant. 12
13
Experimental Design. The effectiveness of ceftriaxone or sham treatment was evaluated 14 in mice following treatment that was commenced during the early (3 weeks) or late stages 15 (4 months) of infection. These intervals were chosen to reflect two distinctly different 16 phases of infection in the mouse model. The 3-week interval represented the early stage 17 of infection during which the host immune response is evolving, and disease (arthritis and 18 carditis) is at its peak. The 4-month interval represented the persistent phase of infection, 19 when host immunity is fully evolved, and disease is resolved (5). Furthermore, 20 spirochetes are sequestered in collagen during the late stage, making them potentially less 21 vulnerable to antibiotic . Mice were necropsied at one and three months after completion 22 of the 30-day treatment regimen at these two intervals. Infection status at necropsy was 23
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determined by culture and flaB DNA Q-PCR of tissues. In addition, infection status of 1 mice was evaluated by xenodiagnosis, in which larval ticks were allowed to feed on mice 2 several days prior to necropsy. Following feeding, molting, and hardening, nymphal 3 ticks were tested for infection by flaB DNA Q-PCR. An attempt was made to obtain 4 infectious spirochetes in ear tissues of mice by allograft transplantation of pieces of ear 5 pinnae from antibiotic-or saline-treated mice into the subcutis of a single naïve C3H 6 mice. The recipient mice were necropsied and tissues were cultured (urinary bladder, 7 inoculation site and quadriceps) and tested by flaB DNA Q-PCR (ear, inoculation site, 8 heart base, ventricular muscle, tibiotarsus, and quadriceps) at 3 weeks after allograft 9 transplantation. 10 11 A confirmatory experiment was performed that examined antibiotic treatment during late 12 infection. Mice were infected for 4 months, treated with antibiotic or saline, and then 13 necropsied at 1 month after completion of treatment. In contrast to the initial study, 14 additional tissue sites were cultured, including heart base, urinary bladder, ear, 15 inoculation site, and tibiotarsus. An attempt was made to increase sensitivity of DNA 16 detection using Q-PCR that targeted ospA DNA, in lieu of flaB, since ospA has been 17 shown to be overrepresented relative to other targets (target imbalance) in tissue samples 18 (42). PCR was performed on additional tissue sites as well, including inoculation site, 19 sub-inoculation site (subcutis), heart base, ventricular muscle, tibiotarsus, quadriceps 20 muscle and ear. In addition, C3H-scid mice were utilized as recipients of allografts, in 21 lieu of C3H mice, and the recipient mice were assessed for infection at 3 weeks after 22 transplant. 23

1
Results
2
Antibiotic Treatment During Early Infection. When mice were treated with 3 ceftriaxone at 3 weeks of infection, and evaluated 1 month after completion of treatment, 4 tissues from none of five mice were culture-positive, but single tissues from two of five 5 mice were flaB DNA Q-PCR positive (Table 1) flaB DNA Q-PCR results, but Q-PCR was also used to quantify spirochete flaB DNA 10 copy numbers in tissues. Minimal or no flaB copies were detected in tissues of mice 11 treated during early infection, compared to sham-treated mice. The two positive samples 12 from antibiotic-treated mice contained only 2.5 and 2.7 flaB DNA copies/mg tissue, 13 whereas positive tissues from saline-treated mice contained 40.8 + 69.6 flaB DNA 14 copies/mg tissue. None of the antibiotic-treated mice were PCR positive at 3 months 15 after treatment, but tissues from saline-treated mice contained 137.9 + 176.3 flaB DNA 16 copies/mg tissue. In contrast, low copy numbers of flaB DNA were detected in multiple 17 tissues following treatment with antibiotic during late infection. Positive samples from 18 mice at 1 month after treatment contained a mean of 33.7 + 60.6 SD flaB DNA copies/mg 19 tissue, in contrast to tissues from saline-treated mice, which contained a mean of 105.9 + 20 285.6 SD flaB DNA copies/mg tissue. The two positive tissues from antibiotic-treated 21 mice at 3 months after treatment contained 4.1 and 2.8 flaB DNA copies/mg, in contrast 22 to tissues from saline-treated mice (mean 266.8 + 309.0 SD flaB DNA copies/mg tissue). 23
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All tissue samples that were flaB DNA-PCR positive were tested for arp and vlsE, and 1 were found to be positive for both arp and vlsE DNA by Q-PCR, thereby confirming the 2 presence of lp28-1 essential genes (see Discussion). Likewise, selected flaB DNA-3
positive tick samples were also tested and found to be positive for arp and vlsE DNA 4 (data not shown). 5 6 Immunohistochemical Labelling of Persisting Spirochetes in Tissues. 7
Immunohistochemistry confirmed the PCR findings, and further demonstrated that intact 8
antigen-positive organisms with spirochetal morphology, rather than merely DNA, were 9 present in tissues (Tables 1 and 2 ). Heart and tibiotarsal joint tissue sections were blindly 10 examined for antigen-expressing spirochetes. Small numbers (1 to 4 per site) of 11 spirochetes could be visualized in collagenous tissues ( Figures 1A, 1B ) of one or more 12 mice in all treatment groups, with the exception of mice treated with antibiotic during 13 early infection and examined at 1 month after treatment. Among the antibiotic-treated 14 mice, single spirochetes were typically localized to collagenous tissue of the great vessels 15 at the base of the heart, and tendons or ligaments of the joints. Up to 4 spirochetes were 16 visualized in heart and joint sections of saline-treated mice, and they were also 17 occasionally found in the interstitium of the ventricular myocardium of saline-treated, but 18 not antibiotic-treated mice. However, tibiotarsal tissue from 9 of 10 mice were positive for ospA DNA Q-PCR, as 14 was heart base tissue from 8 of 10 mice, but other sites were PCR-negative, with the 15 exception of a single quadriceps muscle (Table 3) . In contrast, all tissue sites in all 4 16 saline-treated mice were culture and PCR-positive. The mean ospA DNA copy numbers 17 in positive heart base tissues of antibiotic-treated mice was 97 copies + 118 SD/mg 18 tissue, compared to 3,495 copies + 3,224 SD in saline-treated mice (P=0.0018). A single 19 tibiotarsal sample from an antibiotic-treated mouse contained 1,060 ospA DNA copy 20 numbers/mg tissue. Excluding that sample, the mean ospA DNA copy numbers in the 21 remaining tibiotarsal tissues of antibiotic-treated mice was 24 copies + 41 SD/mg tissue, 22 compared to 411 copies + 107 SD in saline-treated mice (P=0.0039). Thus, antibiotic 23 (Table 3) . Cohorts of eight nymphal ticks, derived from larvae 6 that fed upon each mouse, were evaluated by flaB DNA Q-PCR (except for one saline 7 treated mouse, from which 6 ticks were tested). Six of ten antibiotic-treated mice had 1 8 or 2 ticks among the 8 ticks tested that were PCR-positive. In contrast, all 4 saline-treated 
mice. Based upon culture of urinary bladder, inoculation site, and quadriceps muscle at 1 3 weeks after feeding, none of 10 C3H-scid mice became infected following feeding by 2 ticks from antibiotic-treated mice, in contrast to 4 of 4 mice that became infected 3 following infestation with ticks derived from saline-treated mice. 4
5
In an effort to extend these findings, 9 C3H-scid mice were each infested with 15-20 6 nymphal ticks from xenodiagnosis DNA positive cohorts of ticks derived from mice that 7
were treated with antibiotics (Table 4) . In order to verify that the SCID mice were 8 actually exposed to DNA-positive ticks, the infection status of each of the ticks that were 9 used to feed upon the SCID mice was determined by flaB Q-PCR after ticks fed to 10 repletion, molted and hardened. Infection status of the SCID mice was assessed by 11 culture of urinary bladder, ear, and inoculation site, and flaB DNA Q-PCR of ear, 12 subinoculation site, heart base, and tibiotarsus. Mice were necropsied at 3 weeks after 13 tick feeding. With the exception of one ear sample, all sites were culture-negative. The 14 exception was a culture tube that contained a single non-motile spirochete. In contrast, 15 flaB Q-PCR results indicated that one or more tissues from 8 of 9 SCID mice were 16 positive. Copy numbers were generally low, ranging from as few as 2.8 flaB DNA 17 copies/mg tissue to as many as 50,500/mg tissue (excluding the 50,500 value, the mean 18 was 656.2 flaB DNA copies/mg + 1,175.1 SD). Thus, it appeared that C3H-scid mice 19 supported somewhat higher populations of spirochetes compared to C3H mice, yet we 20 were unable to culture spirochetes from tissues. Finally, joints (knees and tibiotarsi) and 21 hearts of the SCID mice were examined for histopathology. None of the SCID mouse 22 tissues had microscopic evidence of inflammation, despite the high prevalence of B. 23
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burgdorferi ospA DNA in hearts and joints, and the propensity of infected C3H-scid mice 1 to develop progressively severe inflammation (8). The present study extends and amends the findings of Bockenstedt, et al. (9), which 6 concluded that antibiotic treatment resulted in persistence of attenuated, non-infectious 7 spirochetes that could be acquired by ticks (xenodiagnosis), but infected ticks could not 8 transmit infection to naïve hosts. The present study differs from those conclusions in that 9
antibiotic treatment resulted in persistence of low numbers of spirochetes in tissues of 10 treated mice, and that ticks could both acquire and transmit infectious spirochetes. Thus, 11 results of the current study indicate that persisting spirochetes retain their infectivity, 12 albeit at a low level. Quantitative PCR results indicate that very low copy numbers of 13 spirochetal DNA were present in tissues from treated mice, as well as in ticks that 14 acquired infection from treated mice. Normally, there is a burst of spirochetal replication 15 in ticks following feeding, with a net increase in DNA copy numbers (24). This was not 16 seen in ticks that fed upon antibiotic-treated mice, in contrast to ticks that fed upon 17 saline-treated control mice. Notably, C3H-scid mice developed disseminated infections 18 when fed upon by ticks infected with spirochetes from antibiotic-treated mice, but 19 spirochetes could not be cultured from the C3H-scid mice, and DNA copy numbers in 20 tissues were generally low. These results support the notion that spirochetes wereBecause these conclusions are based upon DNA amplification, it could be argued that 1 results do not absolutely prove the presence of live spirochetes. However, it has been 2 shown that B. burgdorferi DNA does not persist in tissues, unless live spirochetes are 3 present (32),(42). We attempted to isolate spirochetes in order to characterize them for 4 plasmid content, but this was precluded by the inability of spirochetes to replicate in 5 culture, despite the sensitivity of our culture method for detecting low numbers of 6 spirochetes. This was reinforced by the finding of a culture from an antibiotic tick-7 infected C3H-scid mouse that contained a single non-motile spirochete. In addition, the 8 low levels of spirochetal DNA precluded detection of RNA transcription, despite 9 attempts to amplify cDNA (data not shown). We therefore undertook an exhaustive 10 search for morphologically intact, antigen-expressing spirochetes in tissues by 11
immunohistochemistry. There is increasing evidence that collagen is a critical niche for 12 spirochete survival and possibly immune evasion (7), (30). We have found that vessels at 13 the base of the heart and ligaments/tendons of the tibiotarsal region (as well as other 14 joints) are collagen-rich preferential regions for spirochetes in the persistent phase of 15 infection (7). When these sites were examined by immunohistochemistry in the present 16 study, low numbers of spirochetes were visualized in collagenous tissues of both 17 antibiotic-and saline-treated mice. In C3H-scid mice infected with ticks from antibiotic-18 treated mice, the heart base and tibiotarsus were also consistently positive by PCR. shown to be essential for infectivity (49). The essential component has been defined as a 8 single gene on lp25 that encodes a nicotinamidase (48). In addition, it appears that 9 determinants encoded on lp28-1 of B. burgdorferi B31 affect relative infectivity (49) (27, 10 28). The lp28-1 plasmid of B. burgdorferi B31 encodes two functional genes, vlsE and 11 arp (p37-47) in addition to a number of paralogous genes that are encoded on other 12 plasmids or chromosomes, pseudogenes, genes with frame shift mutations, or sequences 13 that encode products that are less than 100 amino acids (16). Bockenstedt, et al. (9) used 14 standard PCR to evaluate the presence of BBE21.1, which is specific for lp25, and arp 15 (p37-47), which is specific for lp28-1, and were unable to consistently amplify these 16 targets in infected ticks that fed upon antibiotic-treated mice. We tested DNA from 3 17 flaB DNA-positive ticks that fed upon antibiotic-treated mice for the lp25 target, and 18 confirmed its presence. Since lp25 appears to be absolutely essential for infectivity, and 19 our studies demonstrated infectivity, we focused on lp28-1 targets, vlsE and arp. Using 20 B. burgdorferi N40-specific primers, both targets were present in all flaB DNA-positive 21 samples tested by Q-PCR. It should be noted that the B. burgdorferi N40 genome is 22 configured differently than the B. burgdorferi B31 genome, and that vlsE and arp appear 23
to be located on separate plasmids in B. burgdorferi N40 (Casjens, unpublished 1 observations). Thus, using Q-PCR, which is more sensitive than standard PCR, we 2 found no evidence of missing vlsE or arp. Loss of other plasmids have also been 3 associated with diminished infectivity (33), (53), (68). Although we did not survey the 4 entire genome, we found no evidence of spirochetes missing the critical infectivity-5 related genes that are homologous to B. burgdorferi B31 lp25 and lp28-1 in either tissue 6 samples from mice or ticks. (12), (13), (18), (19), (31) 23 (36), (39), (40), (50), (57), (63), (65), (66) • culture results from heart base, urinary bladder, ear, inoculation site and tibiotarsus 30 
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